The temporal distribution of soil nutrients is heterogeneous, and thus the uptake, storage and later remobilization of brief nutrient pulses may be critical for growth in nutrient-limited habitats. We investigated the response of photosynthesis and the major nitrogen (N) fractions in needles of 2-year-old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings to a 15-day nutrient pulse (containing 250 ppm N). The nutrient pulse (N pulse) was imposed in late July, toward the end of the seedlings'third growing season, and subsequent changes in photosynthesis and needle N fractions were examined over the following 3 months. Needles are sites of photosynthesis and putative storage organs. Thus we tested two hypotheses: (1) N from the N pulse is quickly synthesized from soluble non-protein N into soluble proteins, especially Rubisco, and (2) the N pulse increases photosynthetic rates and thus growth. We also examined an alternative hypothesis that Rubisco functions also as a storage protein, in which case we would predict increases in amount of Rubisco in response to the N pulse without concomitant increases in photosynthesis. Soluble non-protein N was the most dynamic N pool and may have constituted a temporary storage reservoir; however, the quantitative significance of soluble non-protein N is questionable because this pool was at most only 7% of total N. Concentrations of Rubisco were unaffected by the N-pulse treatment and there was little evidence that Rubisco served as a storage protein. Nutrient-pulse seedlings added twice as much dry mass as controls during the 3 months post-treatment (Warren et al. 2003a) . Over the same period, the maximum rate of light-saturated photosynthesis (A max ) declined to low rates in control seedlings, whereas A max increased in N-pulse seedlings. Nevertheless, treatment and temporal trends in N and Rubisco content per unit area were poorly related to A max , and it seems likely that photosynthesis was limited by additional factors, perhaps thylakoid proteins or an inadequate supply of other nutrients.
Introduction
In forest soils, such as those of the Pacific Northwest of the USA and Canada, nitrogen (N) is the element that most commonly limits growth (Gessel et al. 1973) . The supply of inorganic N is determined by, among other things, rates of mineralization and nitrification, and these vary spatially and temporally (Turner et al. 1993 , Laverman et al. 2000 . Consequently, inorganic N may be present only during brief periods when conditions for mineralization or nitrification are favorable (e.g., optimal soil water content and temperature). For example, in the Pacific Northwest, on sites dominated by Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), N availability is generally low during summer because of dry soil and is available only following infrequent rainfall events. The window of opportunity for plant N uptake is reduced further by rapid microbial N immobilization (Vitousek et al. 1982 , Lodge et al. 1994 . Hence, inorganic N may be available for plant uptake only as brief pulses. These pulses of inorganic N may constitute a potentially large source of N for plants in infertile environments (Chapin 1980 , Grime 1988 .
The growth response to a pulse of nutrients is likely underpinned by differences in concentrations of the major N fractions. In conifers, the response of the major N fractions to a pulse of nutrients has received little attention, and the only related data are from studies conducted under "steady-state" conditions. These have shown accumulation of non-protein soluble N, especially N-rich amino acids and ammonium in response to high N, low phosphorus (P), or an imbalance between N and other elements (e.g., Durzan and Steward 1967 , Edfast et al. 1990 , Lavoie et al. 1992 , Warren and Adams 2002 . Storage of N in these non-protein forms is probably quantitatively less important than N storage in soluble proteins (Wetzel et al. 1989, Näsholm and . Two lines of evidence suggest that ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco) functions as an N store in addition to its catalytic role in photosynthesis. Rubisco may make up a large proportion of remobilized N during leaf senescence of deciduous species (Kang and Titus 1980) . Furthermore, under a wide range of conditions, concentrations of Rubisco may be greater than required for photosynthesis (e.g., Stitt and Schulze 1994, Warren et al. 2000) . Less is known about the role of other soluble proteins in N storage, although both Rubisco and chlorophyll-binding proteins can serve as N sources for developing needles of Douglas-fir seedlings (Camm 1993) .
Growth responses to nutrient pulses may reflect the strong positive correlation between the light-saturated rate of photosynthesis of a leaf (A max ) and its N concentration (e.g., Field and Mooney 1986, Evans 1989 ). This strong relationship owes much to the large proportion of leaf N (up to 75%) present in the chloroplasts, most of it in the photosynthetic machinery (Evans and Seemann 1989) . Nitrogen in thylakoid membranes of the chloroplast and soluble proteins, especially Rubisco, dominate the N content of leaves (Evans 1989) . Rubisco has a low rate of catalysis and a poor affinity for carbon dioxide (CO 2 ). This inefficiency is partially compensated by its high concentration, and results in strong correlations of Rubisco concentration with total leaf N and with A max (Woodrow and Berry 1988, Evans 1989) . The dynamics of these relationships in plants subjected to a nutrient pulse are poorly understood, especially in conifers, and it is not known what role photosynthesis plays in the growth response to such pulses.
Previously, we demonstrated that Douglas-fir seedlings exposed to a 15-day nutrient pulse increased their N content by 67%, and in the 3 months post-treatment added twice as much dry mass as control seedlings (Warren et al. 2003a ). In the present study, we examine how photosynthesis and the major N fractions, namely, soluble protein N, soluble non-protein N, Rubisco and chlorophylls, respond to a nutrient pulse. We focused on the N fractions in needles because these were the most dynamic (Warren et al. 2003a) and because photosynthesis should provide a link between N nutrition and growth. We hypothesized that N from the nutrient pulse would be quickly synthesized from soluble non-protein N into soluble proteins, especially Rubisco. Additionally, we tested the hypothesis that the nutrient pulse increases concentrations of Rubisco and photosynthetic rates relative to control plants, and that these increases partly explain the faster growth of seedlings receiving the nutrient pulse (Warren et al. 2003a) . Our experimental approach allowed us to examine an alternative hypothesis that Rubisco functions as a storage protein (e.g., Millard 1988, Stitt and Schulze 1994) , in which case we would predict increases in the amount of Rubisco without concomitant increases in photosynthesis.
Materials and methods

Plant material
The experimental design, treatments and growth responses have been described in detail by Warren et al. (2003a) . Cold-stored, clonal, 2-year-old, transplanted container-grown seedlings (Line 615A, CellFor, Victoria, BC, Canada) of coastal Douglas-fir were obtained from CellFor's Campbell River nursery in mid-May 2001. Seedlings were defrosted and planted in 3-dm 3 pots filled with quartz sand. The root plug (about 300 ml in volume) of peat and perlite was left intact and served as the low "background" nutrient source. Seedlings were grown outdoors at the University of Victoria in a shade house transmitting 70% of incident light. Seedlings were watered to field capacity every second day and received no external nutrients for 2 months. In Douglas-fir growing in Victoria, the primary period of shoot extension is from May until mid-July (Hawkins and Henry 1999) . After this date, seedlings may continue height growth and undergo secondary flushing. Treatments were imposed after primary extension was complete, but before the secondary flush of growth commenced.
Experimental design and treatments
Fifty-four seedlings were used for this experiment. The experiment had two nutrient treatments (control, nutrient pulse) and three harvest dates with each of nine replicate seedlings per treatment at each harvest (i.e., 2 treatments × 3 harvests × 9 replicates). Seedlings were randomly assigned to treatments and harvest dates and randomly arranged within the shade house. Seedlings were subsequently re-arranged every 2 weeks throughout the experiment.
From July 24 until August 8 (15 days) seedlings in the nutrient-pulse treatment were irrigated to field capacity every day with a balanced nutrient solution (modified from Hawkins et al. 1998) containing 250 ppm N as NH 4 NO 3 . In addition to N, the nutrient solution contained: 60 ppm P, 100 ppm K, 50 ppm Mg, 80 ppm Ca, 1.05 ppm Fe, 0.3 ppm Mn, 0.06 ppm Zn, 0.015 ppm Cu, 0.19 ppm B and 0.009 ppm Mo. During the same period, seedlings in the control treatment received the same volume of water. On August 9, seedlings in both treatments were irrigated with about 5 l of water. From August 9 until the end of the experiment, seedlings in both treatments received only water.
Photosynthetic measurements
Light-saturated rates of photosynthesis at ambient CO 2 (A max ) were measured on nine seedlings per treatment immediately before they were harvested on August 8, September 26 and November 11. Measurements were made on apical needles and lateral needles (from the uppermost whorl) of each seedling between 1000 and 1500 h. All measurements were made on current-year needles that had expanded in the growth conditions of the shade house. We used a portable, gas exchange measurement system (LCA-4, Analytical Development, Hoddesdon, U.K.) with a Plexiglas conifer chamber, and made all photosynthetic measurements outside the shade house in full sunlight. Air flow through the chamber was 250 µmol s -1 , leaf temperatures were between 23 and 28°C, and incident photosynthetic photon flux (PPF) was between 750 and 1500 µmol m -2 s -1 . This range in temperature and PPF did not bias measurements because seedlings were measured randomly and there was as much variation within days as between days. Subsequent analysis of variance (ANOVA) indicated that neither PPF nor leaf temperature varied significantly between treatments or among measurement dates. Preliminary experiments established that photosynthesis was light-saturated above 750 µmol m -2 s -1 (cf. Warren et al. 2003b ). The needles enclosed in the chamber were collected following measurement of photosynthesis. Total mass of each sample was measured, a subsample was taken to determine projected area (Li-3100 leaf area meter, Li-Cor, Lincoln, NE), and the remainder was placed in muslin bags and stored in liquid N.
Total N
Subsamples were freeze-dried and ground in a ball mill (Wig-L-Bug C32003A, Rinn Dentsply, IL). Total N was determined with a continuous-flow isotope ratio mass spectrometer (Integra, Europa Scientific, Crewe, U.K.) at the Stable Isotope Facility of UC Davis, or with an elemental analyzer (Flash EA 1112 Series, ThermoQuest, Rodano, Italy) at the University of Victoria.
Measurement of chlorophylls, total soluble proteins, Rubisco and non-protein soluble N
We measured chlorophylls, total soluble proteins, Rubisco and non-protein soluble N in each of the samples used for photosynthetic measurement. Chlorophylls were extracted with n,n-dimethylformamide and analyzed spectrophotometrically using the extinction coefficients of Wellburn (1994) . We estimated the amount of N in thylakoid proteins based on an empirical relationship of 50 mol thylakoid N mol -1 Chl (Evans 1989) .
Soluble proteins and Rubisco were extracted and measured as described by Warren et al. (2003c) . Fifty mg (fresh mass) of frozen needle tissue was extracted at 0-4°C by grinding in 400 µl of grinding buffer (133 mM Tris, pH 8.0, 25% (v/v) glycerol, 34 mM dithiothreitol, 2% (w/v) PVPP (polyvinylpolypyrrolidone)) with a Tissue Tearor Homogenizer (BioSpec Products, Bartlesville, OK). The homogenate was mixed with 100 µl of 10% (w/v) SDS, and vortexed for 4 min at 0-4°C before being centrifuged at 10,000 g for 5 min at 4°C. The pellet was re-extracted three times with modified grinding buffer (as above but without PVPP and diluted 4:1 with 10% SDS). Supernatants were pooled and used for protein analysis. Total soluble protein content of extracts purified by precipitation with trichloroacetic acid in the presence of KCl (Carraro et al. 1994 ) was determined. Protein pellets were re-suspended in 1 volume of 2% SDS in 0.06 N NaOH. The concentration of soluble proteins was determined by SDS-PAGE with bovine serum albumen standards (No. A-7906, Sigma-Aldrich, St. Louis, MO) and Coomassie blue stain (0.1% Coomassie Blue R-250 in 40% (v/v) methanol, 10% (v/v) acetic acid). The protein content of each lane was determined densitometrically with NIH image analysis software. Rubisco in re-suspended protein pellets was quantified by enzyme-linked immunosorbent assay (ELISA), as described by Catt and Millard (1988) , but with minor modifications (see Warren et al. 2003c) . The amount of nitrogen in soluble proteins and Rubisco was determined assuming a protein N content of 16.7%. To obtain the N content of soluble proteins excluding Rubisco (SPN), Rubisco N was subtracted from total soluble protein N.
Non-protein soluble N was determined by extracting 100-200 mg (fresh mass) of frozen needle tissue in 500 µl of phosphate extraction buffer (0.05 M Na 2 HPO 4 , 0.05 M KH 2 PO 4 , 30 mM dithiothreitol, 1% (w/v) SDS) with a Tissue Tearor Homogenizer. The pellet was re-extracted twice with the same buffer and the supernatants were pooled. Non-protein soluble N in the supernatant was separated by methanol/chloroform/ water precipitation (Wessel and Flügge 1984) . Briefly, a 1.0 ml aliquot of supernatant and 4 ml of methanol were added to a 15-ml centrifuge tube. The tube was vortexed and centrifuged for 1 min, 1 ml of chloroform was added and the tube was once again vortexed and centrifuged for 1 min. Three ml of double-distilled water was added and the tube was vortexed for 1 min and centrifuged for 5 min. Six ml of the upper phase, containing non-protein soluble N, was removed and freezedried. The freeze-dried sample was dissolved in 100 µl of double-distilled water, transferred to a tin capsule containing chromosorb and dried. This procedure was repeated twice to ensure that all of the sample was transferred to the tin capsule. Total N was determined as described above.
Data analysis and statistics Specific leaf area did not vary significantly between treatments or among dates (range = 56 to 63 cm 2 g -1 ), and thus treatment differences are the same whether expressed on a mass or area basis. In keeping with convention, N fractions are compared on a mass basis, whereas photosynthesis data are presented on an area basis. Treatment comparisons are based on the mean of measurements on apical and lateral shoots because there was no significant difference in parameters between apical and lateral shoots. Effects of treatment and harvest date on variables were assessed by two-way ANOVA and means were compared by the Fisher's PLSD test. When examining relationships among variables, data for apex and lateral shoots were not averaged.
Results
N concentration and major N fractions in needles
On August 8, at the end of the 15-day nutrient pulse, N mass was significantly greater in N-pulse seedlings (17.9 ± 0.5 mg g -1 , mean ± 1 SE) than in control seedlings (8.6 ± 0.2 mg g -1 ) (P < 0.0001, Figure 1a) . From August 8 to November 11, N mass of N-pulse seedlings decreased from 17.9 to 14.3 mg g -1 (P < 0.01), whereas N mass of control seedlings did not decrease significantly over this period (P > 0.05). Among N fractions, the soluble non-protein N (NPN) fraction was most responsive to the N-pulse treatment (Figures 1b and 2a) . Immediately after the N pulse, NPN was almost 10 times greater in N-pulse seedlings (1.3 ± 0.1 mg g -1 or 7% of total N) than in control seedlings (0.15 ± 0.02 mg g -1 or 1.8% of total N). At all times, absolute concentrations of NPN in N-pulse seedlings were greater than in control seedlings (P < 0.01). However, at the latter two dates this difference was smaller and there was no significant difference between treatments in the percentage of total N as NPN (2.1-2.5%). Soluble proteins other than Rubisco (SPN) were the single largest measured N fraction, comprising 2-3 mg g -1 (17-33% of total N) (Figures 1c and  2b) . On an absolute basis, SPN was greater on all dates in N-pulse seedlings than in control seedlings (mean = 2.78 versus 2.29 mg g -1 ) (P < 0.01). The SPN concentration did not vary among measurement dates (P > 0.05). The N pulse increased SPN less than total N, hence the percentage of total N in the form of SPN was less in N-pulse seedlings (17-19%) than in control seedlings (28-33%)(P < 0.001). On August 8, the absolute concentration of Rubisco N between control and N-pulse seedlings did not differ (P > 0.05), whereas at the two later dates, Rubisco N was greater in N-pulse seedlings than in control seedlings (P < 0.001, Figure 1d ). Absolute concentrations of Rubisco did not vary over time in the N-pulse seedlings, whereas in control seedlings, Rubisco N decreased from 1.2 to 0.8 mg g -1 between August 8 and November 11. As with SPN, Rubisco N was a smaller component of total N in N-pulse seedlings (8-10%) than in controls (11-15%) (P < 0.0001, Figure 2c ). The absolute concentration of chlorophylls was greater in N-pulse seedlings than in controls (P < 0.0001, Figure 1e ), and the difference increased over time because of a decrease in total chlorophyll of control seedlings and an increase in total chlorophyll in N-pulse seedlings. In contrast, the concentration of chlorophyll relative to N (Figure 2d ) was significantly lower in N-pulse seedlings than in controls at the first harvest (P < 0.01), but there was no significant difference between treatments at the two subsequent harvests (P > 0.05). At the first harvest, thylakoid N was 12% of total N in N-pulse seedlings compared with 17% in controls (P < 0.01). At the two latter harvests, 15-17% of total N was present as thylakoid N and did not vary significantly between treatments (P > 0.05).
Photosynthetic performance
Immediately after the N pulse, A max did not differ between treatments (P > 0.05, Figure 3a) . However, from August 8 to November 11, A max of control seedlings decreased, whereas A max of N-pulse seedlings increased. Hence, on September 26 and November 11, A max was significantly greater in N-pulse seedlings than in control seedlings (P < 0.0001). On August 8, intercellular CO 2 concentration (C i ) did not differ between treatments (P > 0.05), whereas on the latter two measurement dates, C i was lower in N-pulse seedlings than in control seedlings (P < 0.0001, Figure 3b ). On August 8, A max per unit N was less in N-pulse seedlings than in control seedlings (P < 0.0001, Figure 3c) ; however, on September 26 and November 11, A max per unit N was greater in N-pulse seedlings than in control seedlings (P < 0.0001). Although A max per unit Rubisco did not differ between treatments on August 8 (P > 0.05, Figure 3d ), on September 26 and November 11, A max per unit Rubisco was greater in N-pulse seedlings than in control seedlings (P < 0.0001).
Relationships between photosynthesis and N fractions
Relationships between A max and N area (Figure 4a ), total chlorophylls ( Figure 4b ) and Rubisco ( Figure 4c ) were weak. Nevertheless, relationships differed between treatments and were, in all cases, weaker (or not significant) in N-pulse seedlings than in control seedlings. In control seedlings, N area and A max were positively related, whereas this relationship was not significant in N-pulse seedlings. Similarly, total chlorophylls and A max were more strongly correlated in control seedlings compared with N-pulse seedlings (r 2 = 0.45 and 0.38, respectively). In contrast to N area and concentrations of total chlorophylls, there was substantial overlap in Rubisco concentrations between treatments. Nevertheless, the relationship between Rubisco concentration and A max was positive (albeit weak) in control seedlings (r 2 = 0.14), but not significant in N-pulse seedlings.
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Discussion
Relationship between growth and photosynthesis
In the Pacific Northwest, on sites dominated by Douglas-fir, N availability is generally low during summer because of dry soil. However, brief nutrient pulses are likely following infrequent rainfall events (Lodge et al. 1994) , and these pulses may constitute a significant fraction of available nutrients (Grime 1988) . Previously, we demonstrated that Douglas-fir seedlings exposed to a midsummer 15-day nutrient pulse increased their N content by 67%, and in the 3 months post-treatment added twice as much dry mass as control seedlings (Warren et al. 2003a ). In the N-pulse seedlings, needle N concentrations were well above the critical concentration required for maximum growth (luxury uptake), whereas needle N concentrations in controls were indicative of N deficiency (Figure 1a , see Hawkins and Henry 1999) . This is consistent with Warren et al. (2003a) who argued that luxury uptake of nutrients in the short term sustained growth in the long term and that this might contribute to the success of Douglas-fir in nutrient-limited habitats and its response to fertilizer. The twofold greater growth in N-pulse seedlings than in control seedlings was almost certainly a consequence of increases in the amount of foliage and differences in A max (Figure 3a) . Treatment differences in A max were likely to be of greater significance than treatment differences in growth response because they were larger than treatment differences in needle mass (17.6 g N-pulse seedlings versus 14.6 g in controls, Warren et al. 2003a ). Positive relationships between N area and A max in Douglas-fir (Figure 4 , see also Brix et al. 1981 , Mitchell and Hinckley 1993 , Ripullone et al. 2003 ) and other species are thought to reflect the large proportion of needle N involved with photosynthesis (Field and Mooney 1986) . This is supported by our data for Douglas-fir seedlings in which Rubisco N was 8-15% of total N, thylakoid N was 12-17% of total N and a further 17-33% of total N was accounted for by other soluble proteins, many of which would be involved with photosynthesis ( Figure 2 ). These data provide circumstantial evidence that photosynthesis provides a mechanistic link between N nutrition and growth; however, this conclusion remains equivocal because of the variable and often poor relationships between A max and concentrations of N or Rubisco (Figure 4 and see below) .
Causes of differences in photosynthesis
Treatment differences and temporal trends in A max were unlikely to have been a result of differences in stomatal limitations. Stomatal conductance was generally unrelated to A max , and thus lower A max of control seedlings was associated with a higher C i relative to N-pulse seedlings (Figure 3b) , perhaps indicating that stomatal limitations were less in control seedlings than in N-pulse seedlings. The absence of clear trends in stomatal limitation is consistent with previous work on Douglas-fir trees by Mitchell and Hinckley (1993) who noted that foliar N affected leaf biochemical limitations, not stomatal limitations.
Changes in N concentration do not explain the large temporal decrease in A max in control seedlings and the modest temporal increase in A max in N-pulse seedlings. Although control seedlings became progressively more N deficient (and noticeably chlorotic), A max per unit N decreased (Figure 3c ). That is, the reduction in A max was much greater than could be accounted for by the modest reduction in N concentration. Concur- rently, N area of N-pulse seedlings also decreased, but this was accompanied by increases in A max per unit N. These results argue against A max being strongly determined by N concentration. Furthermore, in Douglas-fir grown under "steady-state" nutrition, there is a strong negative relationship between N area and A max per unit N (Ripullone et al. 2003) . There are at least two explanations for the poor and variable relationship between A max and N area . One explanation is that N concentrations were not limiting. Parameters N area and A max were linearly related when N area was less than about 2 g m -2 , but at higher N area values, the relationship was asymptotic (Figure 4a , see also Brix 1981) . Fewer than 10 N-pulse seedlings had an N area less than 2 g m -2 , whereas all control seedlings had N area less than 2 g m -2 . Hence, A max of N-pulse seedlings may not have been generally N limited, which could explain why relationships were generally poorer for N-pulse seedlings than for control seedlings.
A second possibility is that photosynthesis was limited not by N but by one of the 12 other mineral nutrients essential for growth (Marschner 1986 ). Data are not available for nutrients other than N; however, a limitation by these other nutrients seems unlikely given that this combination of N, P and other elements has been shown to be ideal for Douglas-fir (cf. Hawkins et al. 1998) .
Relationships between Rubisco and A max were weaker than those between N area and A max (Figure 4) , and this might suggest that photosynthesis, even if N limited, was limited not by Rubisco carboxylation but by RuBP regeneration or light absorption. Nitrogen-pulse seedlings, with a C i between 180 and 200 µmol mol -1 at A max , were likely to be largely Rubisco-limited (see A/C i curves in Warren et al. 2003c ). In control seedlings, A max was likely to be primarily Rubisco-limited on August 8, but on September 26 and November 11 when C i was greater than 300 µmol mol -1 , limitation was likely shared between Rubisco and RuBP regeneration. Because A max was more closely related to total chlorophyll concentration than to Rubisco concentration (Figure 4) , it is likely that A max was limited by thylakoid proteins, especially as many of the control seedlings became noticeably chlorotic by the end of the experiment. Although chlorophyll itself contains relatively little N, a large fraction is involved with pigment-protein complexes and in the case of Douglas-fir, this thylakoid N was 12-17% of total N (Figure 2d ). Under nutrient deficiency, photosynthesis of Douglas-fir may well be limited by light absorption or electron transport because of the high N cost of investment in chlorophyll and thylakoid proteins.
Storage forms of N
We found little evidence that Rubisco served as a storage protein. Immediately after the 15-day nutrient pulse, there was no difference in Rubisco concentration between treatments despite large differences in N concentration (Figure 1d ). It is unlikely that the absence of Rubisco accumulation was because insufficient time had elapsed, because previous studies on seedlings of jack pine (Pinus banksiana Lamb.) and black pine (Pinus nigra Arnold var. nigricans Host.) indicated that substantial synthesis of proteins from inorganic N occurs within 24 h (Martin et al. 1981 , Lavoie et al. 1992 ). On September 26 and November 11, concentrations of Rubisco were greater in N-pulse seedlings than in control seedlings, but this was primarily because of a loss of Rubisco from control seedlings. This loss of Rubisco from control seedlings was not a preferential loss (compared with N area ), and thus we cannot argue that Rubisco N was being remobilized preferentially.
Soluble proteins other than Rubisco are strong candidates for a storage role because they were the single largest measured N fraction and their concentration was increased by the N-pulse treatment (Figure 1c) . Despite this evidence, we cannot assign SPN a storage role because concentrations of SPN did not vary between measurement dates, i.e., there was no evidence of net loss of SPN from needles.
Previous studies with Douglas-fir have implicated thylakoid proteins, in particular the chlorophyll binding proteins, as N sources that are remobilized from old needles to developing needles (Camm 1993) . We found that a large fraction of total N was in thylakoid proteins; however, thylakoid N did not decrease significantly over time, and thus we cannot assign thylakoid proteins a storage role.
Non-protein soluble N was the N fraction most responsive to the N-pulse treatment (Figure 1b) . This is consistent with previous studies showing accumulation of N-rich amino acids and ammonium in response to high N, low P, or an imbalance between N and other elements (e.g., Durzan and Steward 1967 , Edfast et al. 1990 , Lavoie et al. 1992 , Warren and Adams 2002 . Conifer seedlings reduce inorganic N in their roots before it is translocated to the shoot where a fraction is converted to soluble and insoluble proteins (Martin et al. 1981 , Lavoie et al. 1992 . Hence, the transient increase in NPN in N-pulse seedlings suggests that protein synthesis did not keep up with N uptake. Although this might represent an ordered accumulation/sequestration of NPN into storage, given that NPN was never more than 7% of total N, it is unlikely that NPN has a quantitatively important role in N storage.
Conclusions
The twofold greater growth in N-pulse seedlings compared with control seedlings may have been a consequence of modest increases in the amount of foliage and large treatment differences in A max . Treatment and temporal trends in A max were poorly related to N and Rubisco contents per unit area, and it seems likely that photosynthesis was limited by thylakoid proteins. In our Douglas-fir seedlings, concentrations of Rubisco were relatively unaffected by the N-pulse treatment, casting doubt on the universality of the hypothesis that Rubisco functions as a storage protein.
